Each year, large numbers of bats move across Europe between their summer and winter areas, yet even though many of them are endangered and legally protected, we are unaware about many aspects of their migratory behaviour. Here, taking Nyctalus noctula as a model species, we used stable hydrogen isotopic values in fur (d 2 H f ) as an endogenous marker to shed light on the migratory behaviour of more than 1000 bats from hibernacula across Central Europe. Specifically, we asked the following questions: how flexible is migration in temperate zone bats? Which general migration pattern do noctule bats follow? How repeatable and thus predictable is the migratory behaviour of individuals? Do morphological correlates of migration occur in bats? Our study confirmed that noctule bats engage in partial and female-biased migration across Europe, suggesting the strongest migration pressures for northern populations. Further, we revealed a combination of partial and differential migration patterns with highly variable migration distances which lead to a pronounced mixing of different source populations in hibernacula where mating occurs. Most individuals were consistent in their migration strategy over time, i.e. 86% could be repeatedly assigned to either long-distance or regional origin across years. This is consistent with our finding that the between-individual component explained 84% of the variation in d 2 H f values, suggesting specialized individual migratory behaviours and a strong natal philopatry. We discovered a positive correlation between forearm length and migration distance and support for sex-specific effects of migration on body condition. Our study elucidated migration patterns over large geographical scales, demonstrating that considerable numbers of migratory bats originating from distant populations depend on hibernacula across Central Europe, calling for international conservation management.
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Introduction
The need to survive and reproduce is considered a main driver of seasonal migrations, seeking optimal conditions during breeding while ensuring survival during the rest of the year. As a consequence, migration is most pronounced in regions with strong seasonality such as the temperate zone. A complete migration depicts the simplest case of migration with all individuals of a species behaving in a similar way, e.g. all animals migrate north in spring and return south in winter for animals of the Northern Hemisphere [1] . However, most realized migration patterns are more complex, displaying various degrees of inter-and intra-population variation, which is thought to occur for different reasons. For example, breeding populations from northern latitudes may depend on wintering areas with milder temperatures or higher winter food availability, while populations at lower latitudes may thrive in their habitat year round. Or animals may differ in some physiological parameters such as energy expenditure of reproduction, which may force only parts of a population (e.g. one sex or certain age classes) to migrate. In birds, typical migration patterns with inter-population variation include, for example, leap-frog migration, where long-distance migratory populations overfly areas of potentially suitable habitats occupied by resident populations ( [2] , figure 1). Additionally, some migratory birds show breeding displacement, where one population displaces the other ( [2] , figure 1). However, the migratory tendency may not only vary between populations but also between individuals of the same population; a pattern called partial migration (e.g. [3] [4] [5] ). Furthermore, within populations, animals may not only exhibit differences in migratory tendency per se but also in migration distances, a phenomenon called differential migration [6, 7] . Lastly, individuals with different morphologies may vary in their migratory behaviour, e.g. long-winged birds are known to cover longer distances than short-winged conspecifics [8, 9] .
For birds, two migratory ecophenotypes have been described-obligate and facultative migrants-which are positioned at opposite ends of a continuum [10] . Obligate migration is characterized by regularity, consistency, and predictability across years with respect to timing, directions, and distances [10] . On the contrary, facultative migration may occur as a spontaneous response of birds to adverse environmental conditions. Then, individuals may switch between migratory and sedentary strategies across years depending on the prevailing food availability and climate conditions [10] . However, while individual migration strategies have been studied in detail for many bird species, (e.g. [11] ), we have only limited knowledge about migratory strategies in bats, a taxon known to perform long-distance migrations of several thousand kilometres as well [12] [13] [14] .
Migration in insectivorous bats of the temperate zone consists usually of a seasonal two-way movement between summering and hibernation areas to avoid physiologically challenging climatic conditions by switching to areas with more favourable conditions, e.g. places where insects are more abundant as a food source [14] or where ambient temperature is ideal for hibernation [12] . Consequently, selection for migratory behaviour is generally expected to be strongest at higher latitudes where seasonality is most pronounced [14] . The common noctule bat (Nyctalus noctula), a European tree-dwelling insectivorous bat species, is known to show both sedentary and migratory behaviour [15, 16] . Some individuals may cover distances of up to 1600 km during migration [17] . Populations are considered to include partial and differential migrants [12, 18] .
Studying noctule bat colonies in the Netherlands, Van Heerdt and Sluiter observed migration distances ranging between 60 and 900 km, yet at that early period of banding efforts, the authors could not infer a distinct migration pattern for this species [19, 20] . Later, Steffens and colleagues reported that Central European populations of N. noctula do not exhibit pronounced migration behaviour similar to other longdistance migrants such as N. leisleri or Pipistrellus nathusii [15] . Further, they highlighted that populations may consist of residents, migrants, and hibernating individuals in the eastern parts of Germany [15] . Migration distances observed for N. noctula banded in Germany ranged between 200 and 800 km. Further, most individuals from populations from eastern Germany, where banding efforts have focused, hibernated in western and southwestern Germany, Switzerland, and adjacent regions [15] .
Banding efforts have mostly taken place in eastern parts of Germany. Accordingly, the picture for noctule bat migration is not yet complete and heavily biased towards sites of previous banding efforts [16] . Further, no comprehensive data are available for bats within a given hibernacula because usually only a few banded individuals are recaptured by chance and because tree hibernacula are usually not monitored on a regular scale. Therefore, it is unclear to what extent local hibernating bats consist of resident and migrant individuals and whether this ratio changes with latitude ( figure 1 ). In addition, no data exist regarding how consistent migratory behaviour is within individual bats and if migratory behaviour is related to certain morphological traits of individuals. A more detailed knowledge of bat migration is strongly needed because increased mortality rates at wind turbines have put migratory bats at risk, despite their protection by U.N. conventions (EUROBATS convention based on agreement from London 1991) and both national and international laws (E.U. Habitat Directive 92/43/CEE; Annexes II and IV; [21, 22] ).
Here, we used N. noctula as a model species to investigate the migratory behaviour of male and female bats found in hibernacula across Central Europe, ranging from northern Poland to Slovenia. The terminology used to describe migratory behaviours of bats is inconsistent in the literature. Three categories-sedentary, regional migrants, and long-distance migrants-are often in use, albeit with varying meanings. Following Fleming & Eby [14] and Hutterer [16] , we consider movements less than 50 km as non-migratory behaviour and bat individuals moving within this range throughout the year as sedentary. Yet, we acknowledge that observed migration distances suggest a continuum of migratory behaviour for noctule bats. In past studies, authors have mostly used an arbitrary distinction between regional and long-distance migrants, usually in response to some methodological constraints. For example, based on the spatial resolution of isoscape origin models in Europe, we have used a threshold distance of 400 km between summer and wintering areas to separate long-distance migrating from regional noctule bats, i.e. bats within this range could not be distinguished using fur stable hydrogen isotope ratios (d 2 H f ) ( [23] ; see electronic supplementary material). For consistency, we will continue working with the terms regional migrants (including local bats) and long-distance migrants.
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On the population level, we asked which general migration pattern(s) do noctule bats show in Central Europe (figure 1)? And, does migration vary across a broad geographical range? To answer these two questions, we used isoscape origin models based on d 2 H f to illuminate the connectivity between summering and hibernation areas of noctule bats in Europe. Based on information from banding efforts (e.g. [24] ) and our previous studies on N. noctula in northern Germany [18, 23] , we hypothesized that common noctules are partial migrants. We predicted finding long-distance migrants in all hibernacula but with the majority of individuals being of regional origin. Furthermore, we hypothesized northern populations would experience stronger migration pressure and consequently predicted a decrease in the number of longdistance migrants in hibernacula from north to south. In order to uncover migration patterns more clearly, we took prevailing bird migration patterns as a template to test for consistent patterns in the measured d 2 H f values. We expected that, if migratory noctule bats followed a leap-frog pattern, we would find many individuals with relatively low d On the individual level, we asked how repeatable and thus predictable migratory behaviour of individuals is. Further, we asked if the estimated summer origin of animals is related to certain morphological traits, such as forearm length and body condition. For the latter two questions, we focused on a hibernacula close to Berlin for which we had comprehensive multi-year data, including morphological measures of individually marked noctules. Based on the proposed migratory flexibility, we hypothesized that noctules are facultative migrants. Consequently, we predicted that individuals would readily switch their migration strategy between years and that intra-individual variation in stable isotope signals from different years would be high.
We then tested the explanatory power of specific morphological traits in explaining measured d 2 H f values. We hypothesized that-in analogy to birds-morphological correlates of migration occur in bats [8, 9] . Thus, we predicted that individuals with long forearms would preferentially conduct long-distance migrations. We furthermore investigated if bats show condition-dependent migration, similar to birds (e.g. [25] ). We predicted migrants to be in significantly better body condition compared to regionals if N. noctula followed condition-dependent migration. Lastly, we tested if male and female noctules differed in their migratory behaviour on a larger geographical scale, because previous banding and isoscape origin studies indicated sex-related differences [15, 16, 18 ].
Material and methods (a) Collection and analysis of samples
Between 2007 and 2016, we collected 1170 fur samples of 1078 male and female N. noctula encountered either during hibernacula monitoring activities or while rescuing disturbed winter colonies at the beginning of hibernation in Germany, Switzerland, Poland, and Slovenia (electronic supplementary material, figure S1 ). electronic supplementary material,  table S2 , column X). During the assignment procedure, which controlled for uncertainty stemming from both model fits (geostatistical model and calibration model), we tested for each location across the isoscape to determine if it had a similar isotopic signature as the unknown origin of given individuals [30] . Finally, assignments were visualized highlighting areas with high origin probabilities (figure 2).
To test for partial and differential migration, we studied the composition of noctule bats in hibernacula. We identified migratory individuals using the parameters of our calibration model (see above). Based on the regression relationship and the associated uncertainty, individuals were classified as either regional or long-distance migrants if individual d We explored whether northern populations experience stronger migration pressure by testing for a decrease in the number of long-distance migrants in hibernacula from north to south. To account for different sample sizes in hibernacula, we used a bootstrapping approach when testing for differences in the proportion of long-distance migrants between hibernacula (see electronic supplementary material).
Moreover, we explored sex-related differences in migratory behaviour within the categories 'regional' and 'long-distance', testing measured d 2 H f values of regional and long-distance migrants using the t-test and Mann -Whitney-Wilcoxon test, respectively. For this, we considered data from the BerlinBrandenburg hibernacula area only, because we obtained the largest dataset from there.
(c) Repeatability of individual migratory behaviour
For studying individual migration strategies, we used data of individually marked noctules (n ¼ 120) recaptured in different years in a hibernacula in northeast Germany. Based on our regression model, we distinguished between long-distance and regional migrants for each year of capture. For 79 individuals, we obtained fur samples from at least 2 years and were thus able to monitor migratory behaviour and its variation over time. Finally, we conducted a variance component analysis in RInSp (R package [33] ), assuming that if individual migratory behaviours are highly specialized, within-individual variability in d 2 H f values is lower than between-individual variability, i.e. the majority of isotopic variance is explained by between-individual variation [34] .
(d) Morphological correlates of migration
To test whether morphology explains migratory distance, we assessed the importance of specific phenotypic morphological traits in explaining the measured d 
Results (a) Variability of migratory behaviour in noctule bats (migration patterns)
We studied the likely summer origin of 1078 noctule bats (1170 fur samples) from seven hibernacula in Central Europe. Our isoscape origin models based on d
2
H f values documented that these bats originated from a relatively large geographical area, reaching from Central Europe via Fennoscandia and the eastern Baltic countries to Belarus and Russia (figure 2). Long-distance migrants were found in all hibernacula, albeit at varying numbers (table 1) . Multiple pair-wise comparisons (Dunn's test) revealed that the proportions of long-distance migrants varied between hibernacula showing a general decrease from higher to lower latitudes: FC Schleswig-Holstein (38%) . FC NorthRhine-Westphalia (29%) . FC Berlin-Brandenburg (19%) . Poland (16%) . Switzerland (13.7%) . FC Saxony (6.6%) . Slovenia (3.5%) (bootstrap results; but see table 1).
For long-distance migrants, we detected unbalanced sex ratios in all hibernacula, with females outnumbering males in six out of seven sites (table 1). For regional bats, sex ratios were more balanced; however, females were also found more often than males in four out of seven hibernacula ( 
(b) Repeatability of individual migratory behaviour
Periods between first and last recapture of individually marked noctules ranged between 1 and 12 years (median ¼ 5 years; electronic supplementary material, figure S2 ). In 41 banded bats, we obtained fur samples only once (20% long-distance migrants, 80% regionals). In 79 other individuals, we obtained a minimum of two fur samples (electronic supplementary material, figure  S3 ). Eighty-six per cent of these noctules showed no variability in their migratory behaviours over time (15% long-distance migrants; 85% regionals) (figure 3). The remaining individuals showed variability over time, i.e. they switched between long-distance and regional migratory behaviours (figure 3). Fourty-eight per cent of long-distance migrants showed no variability in migratory behaviour over time. [32] are overlaid with a striped layer. Further, mountain ranges beyond 400 m elevation were excluded as likely areas of origin because common noctules are a lowland species [17] . Pie charts indicate the proportion of animals from each hibernacula assigned to the specific area of likely origin marked in green.
the predictor variables of the LMM (jrj , 0.5). The model containing 'animal ID' as the random intercept performed best, as indicated by minimization of Akaike Information Criterion (AIC). Removing the non-significant interaction between 'sex' and 'forearm length' from the full model had no significant effect according to the likelihood ratio test.
Discussion (a) Variability of migratory behaviour in noctule bats (migration patterns)
Here, we present the first study examining the migratory behaviours of groups of common noctule bats found in hibernacula spread across Central Europe. As predicted, our data demonstrate a high variability of migratory behaviour and thus provide evidence for partial migration in N. noctula not only in northern populations but across Central Europe. Thus, our study substantially expands knowledge beyond the geographical range covered by previous banding efforts [15] . As expected, we found that the majority of hibernating individuals were regional migrants, i.e. they originated from populations located within the same d 2 H p isocline as their respective hibernacula. However, long-distance migrants originating from large catchment areas were documented for all hibernacula, demonstrating that long-distance migrants depend on intact hibernacula throughout Central Europe. This finding adds further to previous results from northern Germany [23] , highlighting the importance of maintaining Table 1 . Number, sex (males, females, n.a., not available), and stable isotope ratios in the non-exchangeable hydrogen of fur keratin ( regional -… -regional Figure 3 . Variation of migratory behaviour in individual bats recaptured in different years. The summer origin of individuals was identified based on measured stable isotope ratios in the non-exchangeable hydrogen of fur keratin (d 2 H f ) for each capture event and individuals were assigned to two categories-long-distance migrant or regional-for the specific year. Assignments were listed for each recapture and years in which bats were absent from the hibernacula are indicated by '. . .'. The majority of common noctule bats (Nyctalus noctula) exhibited invariable migratory behaviour with either only regional (58) or migratory behaviour (10) . Only 11 out of 79 individuals showed variable migratory behaviour.
natural and possibly establishing artificial hibernacula as part of national and international conservation efforts.
In line with our prediction, we found a latitudinal gradient in the proportion of long-distance and regional migrants with higher proportions of long-distance migrants documented for hibernacula in northern regions than in southern areas. However, the majority of long-distance migrants consistently originated from isoclines adjacent to the sampling regions. This matches well with observations of bats banded in eastern Germany with a peak in migration distance around 500 km [15, 23] . In general, the migration pattern observed in N. noctula neither completely corresponds to leap-frog nor to displacement migration. Instead, our results rather indicate that migratory individuals occur in all breeding colonies across Europe joining hibernacula at varying distances from summer areas (figure 1, Partial migration variant 2). Since noctule bats mate during migration and also in hibernacula, the combination of partial migration and highly variable migration distances promotes continuous genetic mixing of populations that are separated during the breeding season and likely contributes substantially to the panmictic genepool described for European noctule bats [35] .
Past studies proposed differences in covered migration distances between sexes for N. noctula, with females travelling longer distances than males [12, 18, 36] . As expected, our isotopic data provide further evidence for differential migration in noctule bats over large geographical scales. Possibly, female noctules travel further north to benefit from high insect biomass production at northern latitudes during the period of high energetic requirements, i.e. pregnancy and lactation, whereas males remain in the area where they mate with females during migration and hibernation.
The observation of lower d
2
H f values for regional females compared to those of regional males suggests a similar differential migration pattern on the smaller, regional scale. Naturally, differential migration must not be limited to sexrelated effects but likely involves differences based on age and reproductive status as well. These are important questions for improving conservation efforts, which need to be addressed in future research. Although migratory females clearly outnumbered males, considerable numbers of males were identified as migrants in some hibernacula, demonstrating that males may migrate long distances as well. However, because male noctules are hypothesized to disperse primarily in early life and to remain sedentary thereafter [37] , the recorded male long-distance migrants could represent freshly dispersed individuals when hibernating for the first time.
In North America, migratory bats exhibit differential migratory behaviours as well (Lasionycteris noctivagans; [38] , Lasiurus cinereus, and L. borealis [39] ). Yet, it is difficult to compare migration patterns between continents, because information on wintering areas or hibernacula is sketchy for North America [40] . Thus, it is impossible to infer the catchment area and the level of partial migration over a larger geographical range for North American bats. However, based on isotopic data, it is apparent that both North American and European bats engage in continental-wide migration (this study [39, 41, 42] ).
The isoscape origin approach used here to study migration patterns in noctule bats underlies a couple of assumptions which are discussed in detail in the section on assumptions and potential biases of the isoscape origin approach (see electronic supplementary material).
(b) Repeatability of individual migratory behaviour
Recently, ecosystems change dramatically due to a variety of anthropogenic factors, such as urbanization, agriculture, and climate change. Flexibility in individual migration strategies could constitute a powerful tool to cope with rapidly changing conditions and thus has the potential to enhance both resistance and resilience of bat populations. Our study is the first to test the repeatability of migration strategies in individually marked hibernating bats over several years. In contrast to our expectation, we found that individual migratory behaviours are highly specialized and show little variability over time with the vast majority of individuals either migrating each year or displaying signs of residency. Overall, only 14% of studied individuals showed variability in migration strategy over time, possibly indicating that migratory flexibility on the individual level may be limited to a small proportion of individuals within a given population. Individuals that migrated consistently were mostly females, providing further evidence for female-biased migration and female philopatry in noctule bats (e.g. [43, 44] ). By contrast, males are hypothesized to remain in a small geographically confined area for most of their life [37] . However, 30% of animals showing variability in migratory behaviour over time were males, demonstrating that a small portion of males may occasionally conduct long-distance migrations.
Moreover, our data demonstrate site fidelity of noctule bats towards hibernacula-whatever the distance to reach them-which poses interesting questions for future research on how juvenile bats learn where suitable hibernation sites are located and at what point in life they establish a tradition to hibernate at specific locations.
(c) Morphological correlates of migration
As predicted, we observed a negative correlation between forearm length and d
2
H f values in noctule bats, suggesting that migratory individuals had longer forearms than individuals with a more regional origin; a pattern observed in several bird species [45, 46] . Additionally, we detected the sex-specific effects of d 2 H f values on body condition. While males seem to be in better body condition if they remain close to their hibernation area year round, females appear to benefit from migrating to northern summering areas. These findings add directly to our previous results from isoscape origin models providing strong support for female-biased migration in N. noctula. Further, we tested whether the detected sex-specific response of body condition to migration could be linked to the development of body condition over the course of hibernation (see electronic supplementary material for analyses). We found no indication for a sex-specific impact of hibernation on body condition. In general, amount of energy spent during hibernation seems to be directly linked to the initial body condition in autumn, with animals entering hibernation in good body condition using more energy than animals with less energy reserves. In line with this, Dechmann et al. [47] found that spring migration decision in female noctules is not correlated with the initial spring body condition or the fattening period, which modulates departure decisions in birds, but rather linked to environmental conditions optimal for migration. Reasons for the observed sex-related differences in migratory tendency and 'migratory benefit' in terms of body condition gain may therefore rather be found in the territorial autumn behaviours of males [20, 48] .
Conclusion
Using a stable isotope approach, we revealed patterns of partial and differential migration in the common noctule bat, N. noctula, across large parts of Europe, uncovering a latitudinal gradient in migratory activity with highest migration pressures on northern populations and providing evidence for female-biased migration. We showed that a considerable fraction of noctule bats is faithful both to their wintering as well as summer habitats and that phenotypic migratory behaviours-even in a partially migratory species-appear to be more invariable than expected.
Our findings call for careful management of known hibernacula of migratory bat species, because individuals are loyal to specific hibernacula and because the geographical catchment area of a given hibernacula is large. Data accessibility. The dataset supporting this article is available in the electronic supplementary material.
